ABSTRACT: The elemental fingerprints or composition of otoliths of fish may provide a natural tag of the 'nursery' habitat of juvenile fish. The natural tag could then be used to determine the 'nursery' habitat of adult fish found on coastal reefs. We collected juvenile Pelates sexlineatus from 2 to 5 sites within each of 7 estuaries to determine whether elemental composition of otoliths differed among estuaries and among sites within estuaries. In addition, fish were collected in 2 successive years to determine whether temporal differences may be found in elemental fingerprints that could then confound subsequent assignment of adults to 'nursery' estuaries. Significant differences in elemental fingerprints (Sr, Ba and Mn) were found within and among estuaries, but there was often an interaction with time suggesting that there were differences among estuaries/sites but the difference varied between times. Quadratic discriminant functions (QDFs) generated to discriminate among estuaries suggested that the QDFs calculated from a single year class were more successful at assigning fish to the correct estuary than either (1) QDFs based on both years combined or (2) using the QDFs generated from the first year class to classify the second year class. Small-scale variability among sites within an estuary suggested that for an estuarine fishery we may be able to classify fish to their site of origin; this warrants further investigation. Adult fish from a coastal fishery can now be assigned to their 'nursery' estuary by analysing the juvenile region of their otoliths, provided that discriminant functions are generated from the appropriate year class of recruits.
INTRODUCTION
Estuarine 'nursery' areas are thought to be of crucial importance for sustaining stocks of fish. It is generally argued that juvenile fish recruit to estuarine habitats and then move to coastal reefs at greater sizes and ages (Bell & Worthington 1993) . Many studies have shown that juveniles of a number of species occur in large numbers in estuarine habitats (e.g. Pollard 1984 , Bell & Pollard 1989 ), but their adults are frequently found in open coastal environments. Despite the occurrence of adults on coastal reefs and juveniles in estuaries, there is little unequivocal evidence that estuarine habitats sustain populations of coastal reef fishes, especially given that many studies focus only on estuaries with no sampling of open coastal environments. We do not know the proportion of individuals in harvested populations that may have spent time in different estuaries as juveniles and whether 1 or a few estuaries are making substantial contributions to maintaining local stocks of fish.
The best evidence for movement of fish has been observations of recognisable or tagged fish shifting from one place to another. Tagging of fish in estuarine habitats is difficult due to the small size of fish in estuaries and the high rates of mortality during the early life history stages. These logistical difficulties combined with the possibility that tagging may influence movements of fish has called attention to the need for alternative methods. Recent studies suggest that the elemental composition of the otoliths offers a powerful approach to determining the movements of marine fish (e.g. , Thorrold et al. 1997 .
Otoliths form by the addition of alternating layers of protein and calcium carbonate (usually aragonite). As these layers are deposited, it has been suggested that ions, in the endolymph surrounding the otolith, may substitute for Ca, bind to the protein or be trapped in the spaces between the calcium carbonate and protein matrices (Dove et al. 1996 , Dove & Kingsford 1998 . Once the material in otoliths is deposited it is unlikely to be resorbed or reworked, because otoliths are acellular (Campana & Neilson 1985) . The chemical composition of the otolith is thought to reflect the physical and chemical characteristics of the water mass in which the fish is found, although it may not necessarily track ambient conditions directly (Kalish 1989 , Fowler et al. 1995b . There is likely to be a closer relationship between ambient water chemistry and concentration in the otolith for some elements than for others, due to the properties of the element itself. Differences in water chemistry between estuaries may occur due to differences in temperature, salinity, freshwater input and anthropogenic impacts, thereby enabling the chemical composition of the juvenile portion of the otolith to reflect the estuary in which the fish spent its juvenile life. Differences in the chemical composition of layers within the otolith will, therefore, indicate past environments inhabited by fish and patterns of movement that could then be related to the age of the fish.
The chemical composition of otoliths has been used to distinguish periods of freshwater and marine residence of individual diadromous fish, and to distinguish freshwater and salt water fish from within the same species (e.g. Kalish 1990 , Secor 1992 . Chemical analyses of otoliths have also been used to distinguish stocks or sub-populations of adult fish within marine species (Edmonds et al. 1989 , 1991 , 1992 , Campana et al. 1994 , but only recently have differences in otolith chemistry been used to detect movement in non-diadromous fish (e.g. . Recent studies have focused on whether otolith chemistry of juvenile fish varies between different juvenile habitats (e.g. , Thorrold et al. 1997 , 1998a . Few studies have determined whether elemental fingerprints determined in one year are reflective of other years (but see Milton et al. 1997) .
In this study we investigated the utility of trace elements in otoliths for determining the proportion of adult fish in coastal environments that may have recruited to adult populations from different estuaries. The specific aims were to (1) determine if otoliths of juvenile fish show differences in elemental composition or fingerprints (sensu Campana et al. 1994 ) among estuaries and among sites within estuaries, (2) determine whether elemental fingerprints were similar in the otoliths of fish collected in successive years. Based on these data, we also wanted to determine whether the elemental fingerprints of otoliths could subsequently be used to estimate the relative contribution of different estuaries to the coastal fishery or of estuarine sites to an estuarine fishery. The species chosen for this study was the trumpeter Pelates sexlineatus (Terapontidae), which is common in all of the estuaries we sampled along the coast of New South Wales, Australia. Adults are found in multiple environments including estuaries, coastal reefs and the shelf.
MATERIALS AND METHODS
Juvenile trumpeter Pelates sexlineatus were collected in each of the 2 years (1998 and 1999) . Fish were collected from 2 sites in each of 7 estuaries along the east coast of Australia to determine variation in elemental fingerprints among estuaries (Fig. 1 ). To determine variation in elemental fingerprints within estuaries, 2 to 3 extra sites were also sampled within each of 3 estuaries (Botany Bay, Brisbane Waters and Port Stephens). Within each estuary, sites were separated by hundreds of metres to 6 km. Fish were collected by beach seine nets and were stored on ice in the field before being frozen on return to the laboratory (Table 1) .
Pelates sexlineatus recruits to estuaries at a size of 10 to 20 mm SL, whereas the average length of fish used in this study was 50 mm SL (Table 1) . Based on cohort analyses, it was estimated that fish of this size would have spent 4 to 6 mo in the estuary. It was assumed that this amount of time was sufficient for the incorporation of an elemental signature from the estuarine environment. It was also assumed that fish of similar sizes from different estuaries would have spent approximately the same amount of time in estuaries. In addition, the mean weight of otoliths used in the analyses (1.28 mg) was approximately 10 times the mean weight of fish that had recently settled (0.129 mg, n = 15), again suggesting that there was sufficient incorporation of elemental fingerprint since time of settlement.
In the laboratory, the standard length (SL) of each fish was measured, and the sagittal otoliths were removed, cleaned of adhering tissue in Milli-Q water, air-dried and placed in eppendorf microcentrifuge tubes. Otoliths were weighed on a microbalance (to 0.001 mg), cleaned in 1% nitric acid for 5 to 10 s, rinsed in Milli-Q water and placed in acid-washed polycarbonate tubes ready for analysis.
Samples were dissolved in nitric acid for at least 1 h inside a laminar flow cabinet. They were then diluted with Milli-Q water to 1% HNO 3 . Blank samples were prepared in the same manner, but no otolith was present; these were used for blank corrections and to cal-culate limits of detection. Spiked samples of otolith were also analysed every 10 samples to assess instrument drift and recovery. Samples were analysed by solution-based inductively coupled plasma-mass spectrometry (ICP-MS; Perkin Elmer SCIEX ELAN 5000). All elements were analysed using standards that were matrix-matched (i.e. addition calibration), except Sr, which was analysed using standards made up in 1% HNO 3 (i.e. external calibration). Additional details regarding ICP-MS analyses can be found in . Preliminary analyses suggested that 7 elements (Mg, Mn, Cu, Zn, Sr, Ba and Pb) were detectable in otoliths of juvenile Pelates sexlineatus using ICP-MS and these elements were chosen for analyses.
Detection limits, which were calculated from the concentration of analyte yielding a signal equivalent to 3 times the standard deviation of the blank signal, for each of the elements were: 0.96 g -1 (Mg), 0.04 µg g -1 (Mn), 1.05 µg g -1 (Cu), 1.77 µg g -1 (Zn), 0.21 µg g -1 (Sr), 0.04 µg g -1 (Ba), and 0.24 µg g -1 (Pb). Cu, Zn and Pb were frequently below detection limits for otolith samples and were, therefore, removed from subsequent analyses. Mean estimates of precision (% RSD, relative standard deviation) based on replicate measurements within otolith samples were: 33.2% (Mg), 2.5% (Mn), 1.5% (Sr), and 2.1% (Ba). Mg showed poor precision and was eliminated from subsequent analyses. Mean recovery of spiked samples for the remaining elements was: 88% (Mn), 106% (Sr), and 86% (Ba).
Univariate and multivariate techniques were used to test hypotheses concerning individual elements and multi-element fingerprints of Pelates sexlineatus. Spatial and temporal variation in otolith chemistry was analysed by analysis of variance (ANOVA) for each element (Mn, Sr and Ba). To determine whether significant differences were found among estuaries, each year of data was analysed separately (2-factor ANOVA, site nested within estuary). The 2 yr of data were then analysed by a 3-factor mixed model ANOVA (year, estuary and site nested within estuary) to determine whether significant differences were found between years. In this design a test was not possible for estuary. Where there was a significant year × estuary interaction this was not a problem, and if the year × estuary interaction or site nested within estuary terms were not significant at p = 0.25, one of these terms was eliminated from the model resulting in a test for estuary (Underwood 1997) . Analyses of small-scale spatial variability were done on each of the 3 estuaries separately (2-factor ANOVAs, site and year). All factors were treated as random terms in the ANOVA models. All analyses were made on ln(x + 1)-transformed data. The assumption of homogeneity of variance was tested prior to each analysis using Cochran's C-test (Winer et al. 1991) . When data remained heterogeneous after transformation, analyses were still performed as ANOVA is robust to departures from assumptions where data are balanced and samples are relatively large (Underwood 1997) . Multi-element fingerprints were analysed by nonparametric analysis of similarity (ANOSIM) permutation tests (Clarke 1993) . Separate analyses were performed on each year of data for all 7 estuaries and on each of the 3 estuaries for the small-scale spatial data. For the 7 estuaries it was not possible to have site nested within estuary as a term in the model, because the small number of possible permutations did not allow strong inferences to be made. These data were therefore analysed as 1-factor (estuary) designs. Two-factor (year and site) designs were used for the individual estuaries but only the main factors could be tested, i.e. it was not possible to test for an interaction between year and site (Clarke 1993) . Triangular dissimilarity matrices were calculated using Euclidean dissimilarity measures on double square root transformed data. The ANOSIM permutation test was used to assess the significance of differences among estuaries for each year of data, and between years and among sites for each of the 3 estuaries. A Global R value (= test statistic) was produced based on average dissimilarities within replicate samples and average dissimilarities between different samples. The Global R value can be tested by evaluating random rearrangements (permutations) of the data (see Clarke 1993) ; in this case the procedure was repeated 5000 times. Multiple comparisons on individual pairs were also carried out in the same way. All analyses were performed using PRIMER (Plymouth Routines in Marine Environmental Research) programs (copyright M. R. Carr and K. R. Clarke, Marine Biological Laboratory, Plymouth, UK). Non-metric multidimensional scaling (nMDS) plots were used as the ordination method. The dissimilarity matrix was calculated using Euclidean distances. The goodness of fit of the data points in the nMDS was measured by the stress coefficient, where stress tends to zero when data are perfectly represented (Clarke 1993) . The final nMDS plot is only determined to within an arbitrary orientation, reflection, location and scale, which explains the absence of axis scales and labels in the figures (Clarke 1993) .
Quadratic discriminant function analysis (DFA) was used to determine the ability of elemental fingerprints to correctly record the recruitment estuary or site of juvenile Pelates sexlineatus. Quadratic DFA was selected because it does not require the assumption of equal covariance matrices (Engelman 1998) . Quadratic functions were determined in SYSTAT; these functions were then used to classify fish according to recruitment estuary or site within an estuary using a jackknife (or leave-one-out) method and the accuracy of these classifications determined as the percentage correct.
RESULTS

Large-scale spatial variability among estuaries
Juvenile trumpeter collected from the 7 estuaries ranged in size from 26 to 78 mm (Table 1 ). There were no significant differences in either standard length (ANOVA, F 6, 7 = 0.898, p > 0.5) or otolith weight (ANOVA, F 6, 7 = 0.895, p > 0.5) among estuaries, although there was a significant year × site nested within estuary interaction (ANOVA, SL: F 7,112 = 3.947, p < 0.01; otolith weight: F 7,112 = 3.175, p < 0.01), which indicated that differences in standard length or otolith weight occurred but they were not consistent between years and among sites. The greatest difference in size of fish or otolith weight was for fish collected from Site 1 in Jervis Bay, where in the second year fish of a similar size to that collected in the first year could not be found (see Table 1 ). With the exception of Site 1 in Jervis Bay, differences in standard length between sites within an estuary or between years for the same site were less than 21 mm (Table 1) . We consider the effect sizes to be so small and spatially inconsistent that any differences in standard length or otolith weight would not confound our interpretation of elemental patterns.
Significant differences were found in the otolith chemistry of juveniles collected from different estuaries. Manganese showed significant differences among estuaries in both years, although this was largely attributable to high amounts of Mn in otoliths of fish collected from Tuggerah Lakes in 1998 and Tuggerah Lakes and Camden Haven in 1999 (Fig. 2a, Table 2a ). Significant differences were found between sites within an estuary in both years. The magnitude of differences and in some cases rank concentrations of elements at sites within estuaries varied between years leading to a significant year × site nested within estuary interaction in the 3-factor ANOVA model that incorporated the 2 years of data (Fig. 2a, Table 2b ). There was also a significant difference among estuaries (Table 2b) .
No differences in Sr and Ba concentration were found among estuaries (Fig. 2b,c ; Table 2a ). Large differences were, however, found between sites within some estuaries resulting in a significant site nested within estuary term (Fig. 2b,c ; Table 2a ). The magnitude of differences in concentration, and sometimes rank concentration, varied between years at sites within estuaries ( Fig. 2b,c ; Table 2b ). There was also a significant year × estuary interaction for Ba, suggesting that there were differences among estuaries but that magnitude varied between years (Fig. 2c , Table 2b ).
Elemental fingerprints of otoliths showed significant variation among estuaries and at sites within estuaries (Fig. 3) . Non-parametric ANOSIMs detected significant differences among estuaries for both years (1998 Global R = 0.374, p < 0.001; 1999 Global R = 0.464, p < 0.001). Pairwise a posteriori tests showed that in 1998 Port Stephens was similar to Brisbane Waters and Botany Bay was similar to Jervis Bay, but all other estuaries differed (Fig. 3a) . Tuggerah Lakes was clearly separated from the other 6 estuaries in 1998 and also showed clear differences among sites (Fig.  3a) . The nMDS plot showed that in 1998 the remaining 6 estuaries could be grouped into northern (Camden Haven), central (Port Stephens, Lake Macquarie and Brisbane Waters) and southern (Botany Bay and Jervis Bay) estuaries (Fig. 3a) . In 1999, pairwise a posteriori tests showed that Lake Macquarie was similar to Brisbane Waters, but all other estuaries differed (Fig. 3b) . The nMDS suggested that Camden Haven and Tuggerah Lakes showed some overlap but remained separated from the other estuaries (Fig. 3b) . Individual sites from other estuaries could also be distinguished (Fig. 3b) .
When both years of data were combined, the nMDS plot showed separation between years for some estuaries (e.g. Camden Haven, Port Stephens and Botany Bay), but there was also overlap between years for other estuaries (e.g. Lake Macquarie, Tuggerah Lakes and Brisbane Waters) (Fig. 3c) . These data suggest that elemental fingerprints of juveniles need to be determined each year if the elemental fingerprints of adults are to be used to determine the estuary in which they recruited. The year class of the adults will need to be considered and adult fingerprints matched with juvenile fingerprints of the 0+ year.
Quadratic DFA was used to determine the ability of elemental fingerprints to classify correctly juvenile fish to their recruitment-estuaries. When elemental fingerprints from individual years were used to classify fish, success rates ranged from 50 to 100% (Table 3a ,b). Fish collected from Lake Macquarie were most difficult to classify as having come from Lake Macquarie in both years (classification success 60 and 50% for 1998 and 1999 respectively), although in 1998 two other estuaries also had success rates of 60%. Fish collected from Tuggerah Lakes in 1998 were correctly classified to that estuary. When data from fish collected in both years were combined and a new classification matrix determined, success rates generally decreased, suggesting that fish from only 1 year class should be used for determining classification matrices (Table 3c) . Likewise, when the classification matrix from fish collected during 1998 was used to classify fish collected during 1999, success rates were 0 to 90% (Table 3d ). Fish collected in Tuggerah Lakes were most likely to be correctly classified and those collected in Botany Bay were the least likely to be correctly classified, suggesting that Tuggerah Lakes showed least variability in elemental fingerprints between years and Botany Bay showed most variability.
Small-scale spatial variability within estuaries
Juvenile fish were collected from additional sites (separated by hundreds of metres to kilometres) in each of 3 estuaries (Port Stephens, Brisbane Waters and Botany Bay) to test for small-scale variability in otolith chemistry within an estuary and to determine whether among-site variability was sufficient to allow accurate classification to their recruitment sites. There was no significant difference in standard length among sites or between years. Otolith weight did not vary among sites or between years for 2 of the 3 estuaries (exception Brisbane Waters, year × site interaction, F 1, 3 = 19.3, p < 0.05).
There was significant variability among estuaries in terms of differences seen within an estuary for the individual elements (Fig. 4) . For example, Mn in otoliths of juvenile fish in Brisbane Waters did not differ among sites or between years, but in Botany Bay greater amounts of Mn occurred in otoliths in 1999 compared to 1998, but the magnitude of difference varied among sites (year × site interaction, p < 0.05) (Fig. 4a, Table 4 ). Sr and Ba, however, occurred in greater concentrations in otoliths of fish collected from Port Stephens in 1998 than 1999, but in the case of Ba the magnitude of variation between years differed among sites (Fig. 4b,c) . There was a trend for greater amounts of Sr and Ba in otoliths of fish from Brisbane Waters in 1998, but the difference between years varied by site (year × site interaction, p < 0.05) (Fig. 4b,c, Table 4 ). In Botany Bay, Ba was always lowest for fish collected from Site 2 in both years. Other sites showed no consistent pattern for amounts of Ba in otoliths, although differences among sites and between years were found (Fig. 4c, Table 4 ). Lower levels of Sr in otoliths of fish in 2 of the 3 estuar- ies during the second year were correlated with increased rainfall, and therefore freshwater input, in this year (Figs. 1 & 4b) . Botany Bay, however, showed increased Sr in otoliths of fish in the second year when rainfall in this region was approximately double the previous year, suggesting that other mechanisms may also play a role, for example, depth of residency (see Kingsford & Gillanders in press) . Elemental fingerprints of otoliths of juvenile trumpeter varied between years and among sites for all 3 estuaries (Fig. 5, Table 5 ). nMDS plots showed some separation of sites between years, suggesting that there may be different elemental fingerprints between years (Fig. 5) . For Port Stephens individual sites were difficult to separate based on nMDS plots. The other 2 estuaries showed greater separation of individual sites within each year (Fig. 5) . The ability to predict correctly the site that fish had recruited to within an estuary varied among sites and between years within each estuary (Table 6 ). Success rates in Port Stephens ranged between 60 and 100%. When fish collected in both years from Port Stephens were used in the DFA, the successful classification rates decreased to 50 to 70%. Brisbane Waters and Botany Bay had success rates that averaged 82 and 79% respectively when fish from individual years were used in the analysis (Table 6 ). When fish from both years were used in the analysis, both estuaries had 1 site where classification success was relatively poor (Site 1 in Brisbane Waters and Site 1 in Botany Bay), but the remaining sites showed good classification rates.
DISCUSSION
Spatial differences in elemental composition of otoliths
The elemental composition of otoliths of juvenile trumpeter varied both within and among estuaries, as well as between the 2 years of sampling. The elemental signatures of otoliths of fish from each of the estuaries showed some overlap among estuaries, although it was generally possible to separate fish from 1 to 2 individual estuaries, as well as to separate groups of estuaries within each year. Thorrold et al. (1998b) found greater separation of individual estuaries than the current study, but the estuaries in their study were separated by distances in excess of 200 km. In contrast, the minimum distance between any 2 estuaries sampled in the present study was ~25 km and the maximum distance was ~140 km. Greater distances among estuaries may result in greater environmental differences between estuaries and therefore stronger differences in elemental signatures.
Differences in the elemental composition of otoliths of fish were also found at the spatial scale of sites within an estuary. Variation among sites within an estuary has been found in some studies (e.g. Thorrold et al. 1998b ), but not in others (e.g. Thorrold et al. 1997) . Frequently, however, samples are pooled from multiple sites and therefore variation at the smaller spatial scale is unknown (e.g. .
Although few studies have determined whether differences in elemental composition of otoliths of fish occur among estuaries, many studies have found differences in elemental composition among locations and these have been used in infer differences in stock structure (Edmonds et al. 1989 , 1991 , 1992 , Campana et al. 1994 , 1995 , Begg et al. 1998 , pollution regimes (Dove & Kingsford 1998 ) and natural tags of area of origin for juveniles , Thorrold et al. 1998a . Some of these studies have also sampled at smaller spatial scales (sites within a location usually separated by hundreds of metres to kilometres), but results are mixed in that some studies have found within location differences (e.g. Kingsford & Gillanders in press) , whereas others have found little variation among sites within a location (e.g. Dove & Kingsford 1998) . A recent study also found considerable variation in elemental composition of otoliths among depth strata with concentrations generally greatest in fish collected from shallow water (Kingsford & Gillanders in press) . Depth strata were separated by tens of metres, suggesting there may be variation in elemental composition across very short distances. Spatial differences in elemental fingerprints are likely to vary depending on the species. For example, differences among sites may be greater for fish that recruit well into estuaries (e.g. Pelates sexlineatus) than for fish which occur on reefs near the entrance to estuaries (e.g. Parma microlepis).
Despite differences in elemental composition of otoliths at a range of spatial scales, the mechanisms generating these differences are not well understood. Water chemistry is likely to vary considerably among estuaries and may be influenced by the presence of rivers and associated freshwater input, oceanography (e.g. estuarine plumes and currents), topographic forcing (of plumes and mixing), and the level of industry and urban development (e.g. sewage outfalls, drainage) (Grimes & Kingsford 1996 , Kingsford & Suthers 1996 . These factors are not only likely to influence the concentration of elements in the water, but also the salinity and temperature of the water mass and may vary along the length of an estuary. Few studies have investigated the relationship between ambient levels of elements and concentration in the otolith, particularly in marine systems. We have no information on ambient concentrations of elements in different estuaries for the current study. Thorrold et al. (1998a) found that the ratio of metal:Ca Table 4 . Results of ANOVA for individual elements in otoliths of juvenile trumpeter collected in 2 years (1998 and 1999) at 4 to 5 sites within each of 3 estuaries. Each estuary was analysed separately. Cochran's tests were used to test homogeneity of variances; the data remained heterogeneous after transformation for Mn and Ba in Brisbane Waters, and Sr in all estuaries. Analyses were made on ln(x+1)-transformed data. p-values of 0.000 indicate p < 0.001 of some elements (e.g. Ba, Mg and Sr) was correlated with the metal:Ca ratios in ambient river water, but no relationship was found for other elements (e.g. Mn). Chemical marking studies using Sr have also found a relationship between Sr concentration in otoliths (and bone) and ambient Sr concentrations (Gallahar & Kingsford 1996 , Pollard et al. 1999 . Geffen et al. (1998) , however, found an inverse relationship between exposure and rate of lead incorporation in otoliths. These studies suggest that the relationship between levels of elements in the surrounding water and the concentration in the otolith appears to vary greatly by element. Salinity and temperature of ambient water may also interact with levels of elements in the water to affect otolith composition. Although relatively good positive correlations exist between the amount of Sr in the water and salinity, not all studies have found that fish from different salinities show differences in otolith Sr. For example, Chesney et al. (1998) found no relationship between Sr concentration and either salinity (20, 26, 33.4 ppt) or temperature (18, 22, 26°C), whereas Fowler et al. (1995a) found that differences in salinity (26, 35 ppt) lead to subtle differences in the concentration of some elements, notably Mn. Relationships between Sr in otoliths and salinity appear stronger where lower ranges of salinity including freshwater are used (Kalish 1990 , Secor 1992 , suggesting a possible threshold effect after which salinity has no effect on levels of Sr in the otolith. Temperature effects on elemental composition were stronger than salinity effects in Fowler et al.'s (1995a) study, but because both Sr and Ca levels in the otolith varied with temperature it was suggested that Sr/Ca ratios would be poor indicators of water temperature. Salinity and temperature are likely to vary within and among estuaries; further research is needed in both controlled laboratory studies and the field to determine possible effects on otolith composition.
Other factors such as diet, growth rates, ontogenetic and physiological effects have also been found to influence otolith composition in some species of fish (Kalish 1989 , 1991 , Sadovy & Severin 1992 , Fowler et al. 1995b , Limburg 1995 . We cannot discount these factors as possible determinants of otolith composition of trum- peter, although ontogenetic effects were minimised by analysing otoliths of fish of similar sizes. Physiological effects resulting from reproductive activity are also thought to be minimal because only juvenile fish were analysed. Further work is needed to understand the mechanisms that may lead to differences in element composition of otoliths, but as noted by Thorrold et al. (1998a) , it is not necessary to fully understand the mechanisms before using elemental fingerprints as natural tags of 'nursery' habitats (see also Campana et al. 1994 ).
Temporal differences in elemental composition of otoliths
The elemental composition of otoliths of fish varied between years, suggesting that either the water chemistry (e.g. elements in the water, temperature and salinity) or ontogenetic and physiological effects may vary among years. We suggest that water chemistry is most likely to vary among years, because all fish used in the current study were immature and of a similar size. The most dramatic variation between years was seen for Mn in otoliths of fish collected from the northernmost estuary, where a 20-to 30-fold increase was seen in the second year. Although variation in elemental composition of otoliths on an annual basis has been reported by Milton et al. (1997) , many studies involve no temporal sampling. Smaller scale temporal sampling was done by Thorrold et al. (1998a) , who sampled sites in each of 2 months (August and October). They found that a discriminant function generated from the fish collected in August was able to classify the fish collected in October with greater than 80% success, indicating little variation in elemental composition over a 2 mo time period. The lack of temporal variation in elemental fingerprints found by Thorrold et al. (1998a) should not be interpolated to longer time scales. It is possible that conditions (e.g. rainfall etc.) remained similar during their study and, therefore, a lack of variation may be expected. Physical events of a continuous or press nature (sensu Glasby & Underwood 1996) are more likely to vary among years, for example, a change in southern oscillation (ENSO) conditions can create wet or dry summer periods that may influence estuarine waters and therefore otolith microchemistry among years. Temporal variation in elemental composition of otoliths may pose problems for studies determining which estuary adult fish have come Changes in the amount of freshwater run-off within and between years may influence elemental composition of otoliths of juvenile fish, particularly with respect to elements such as Sr which are known to change with salinity (Chesney et al. 1998 ). Freshwater input is likely to have a major impact on estuarine systems, but may have less of an impact on offshore locations, as the depth of low salinity wedges in estuaries decreases with distance from the riverine source (e.g. Botany Bay, Kingsford & Suthers 1996) . Local bathymetry within estuaries may also influence plumes of water associated with freshwater input. Milton et al. (1997) considered that inter-annual differences in otolith composition were unlikely to be related to seasonal changes in freshwater input because fish were spawned during the same season each year. Although fish collected as part of our study were collected during the same season each year, the amount of freshwater run-off was considerably greater in the second year of the study (Bureau of Meteorology Monthly Rainfall Review, Canberra; Fig. 1 ) and therefore the concentration of elements in the water may also vary among years. Strontium, for example, was lower in otoliths of trumpeter from 2 of the 3 estuaries in the second year where freshwater input was greater than the previous year. Again, the mechanisms generating temporal differences are not well understood and require further study.
Use of elemental fingerprints as natural tags to infer 'nursery' habitat of adults
Although many studies have shown that large numbers of juvenile fish are found in estuarine habitats, and frequently refer to these as 'nursery' habitats, there are few studies that have shown direct links between putative 'nursery' habitats and adult stocks. Mark-recapture studies provide definitive patterns of movement from nursery to adult habitats, but are generally unfeasible due to the small size of fish in 'nursery' habitats and high mortality rates at early life history stages meaning that large numbers of fish would need to be tagged to ensure that adequate numbers survive to the adult population. There are additional problems concerning the recapture of tagged fish in the adult population. A natural tag, such as the elemental fingerprints of otoliths, ensures that all fish are tagged and thus all adult fish that are recaptured would represent a recovery. In practice, however, this is likely to be complicated by both spatial and temporal differences in elemental fingerprints.
The discriminant functions developed on each year class of recruits showed that on average 75% of fish were correctly classified to their 'nursery' estuary, whereas when both year classes were combined classification success decreased to 62%, and when the 1998 year class was used to classify the 1999 year class, classification success decreased to less than 50%. Although sample sizes were relatively small, these results do suggest a cautious approach to using elemental fingerprints of juveniles to classify adults that may represent a different year class or to combining multiple year classes of juveniles to determine discriminant functions. There are some estuaries which have higher success rates than others; for example, Tuggerah Lakes averages 95% classification success over the 2 years and clearly shows promise as an estuary with a very strong elemental fingerprint due in part to the consistently high amounts of Mn in this estuary. The addition of further elements to the discriminant function and the use of stable isotopes (e.g. Thorrold et al. 1998b ) may improve the accuracy of the discriminant functions. Alternatively, the use of nonparametric methods, such as artificial neural networks, may improve the classification success (Thorrold et al. 1998b ).
It should also be possible to determine the estuary in which adult fish spent their juvenile life by analysing the juvenile core of adult otoliths (e.g. . This may be done using either laser ablation ICP-MS to sample the juvenile region or by extracting the core from the rest of the otolith followed by solution-based ICP-MS. Using this approach, suggested that 41% of blue groper on coastal reefs had spent time in estuaries and moved to the reef, whereas 59% had recruited to the reef and remained there. Their study, however, used 1 year class of recruits to generate discriminant functions and then classified adult fish that had come from multiple year classes; therefore, their results may vary if adults from the same recruitment year class as the recruits used to determine the discriminant function were used. Despite this, we are confident that recruits that settle into reef habitats can be distinguished from those that settle into estuarine habitats. As far as we are aware, this is the only study that has tracked adult fish moving from estuaries to reef habitat using elemental composition of otoliths. At the scale of among estuaries it also appears that individual estuaries can be distinguished, albeit some better than others (e.g. Tuggerah Lakes). It now appears that adult fish in a coastal fishery could be tracked to their 'nursery' estuary thus enabling numbers of fish originating from different estuaries to be determined. With adequate spatial sampling within an estuary it may also be possible to track adult fish to specific sites within an estu-ary and to determine movement among sites for an estuarine species.
In summary, the elemental fingerprints of otoliths of trumpeter show promise as an indicator of the estuary in which the fish spent its juvenile life, but we would caution researchers to ensure that their sampling covers the range of estuaries in which the juvenile fish of interest are found. It also appears necessary to build up a 'library' of elemental fingerprints for each year class of fish or at least to show that there is no variation in elemental composition of otoliths over time. We should now be able to track movements of adults from putative 'nursery habitats' to adult stocks by analysing the juvenile portion of adult otoliths (e.g. . In addition, we can calculate the numbers of fish from a coastal fishery that have moved out from different estuaries. This has major implications for not only fisheries management, but also for the designation of possible marine protected areas.
